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Abstrat
We study the proton emission proess from partile-unbound levels of
31
Cl. A standard shell-model
alulation provides the single-partile struture of the exited states of
31
Cl and Gamow wave fun-
tions are used to desribe the proton emission. Reent experimental data is analyzed obtaining
information about spins and parities of the exited levels and the most important proton deay
hannels.
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1 Introdution
The development of experimental failities for produing exoti nulei in the last deade has opened new
possibilities for studying nulear properties in mass regions far from stability. These rare nulei provide a
good senario to test our present knowledge of nulear struture and nulear dynamis in regions where
the struture of the ontinuum and the eet of partile orrelations are expeted to play a dominant
role.
Beta deay is the most frequent proess that light and medium mass nulei undergo to reah the
stability. As we inrease the proton or neutron number, the single-partile separation energy tends
to derease whereas the beta Q value tends to inrease. Far enough from the valley of beta stability,
the beta deay an populate partile-unbound nulear levels of the daughter nuleus, leading to the
emission of beta-delayed partiles. Close to the drip lines, this proess an beome the most important
deay mehanism, and an be used as a spetrosopi tool for the study of the struture of these exoti
nulei[1℄.
There are dierent theoretial models for the desription of partile emission. Possibly the most
extended approah is based on the R-matrix theory of nulear reations[2℄, although there is a wide range
of mirosopi formulations[3, 4, 5, 6℄.
In this paper we onentrate on the study of beta-delayed proton emission from partile-unbound
levels of
31
Cl. The proton-rih nuleus
31
Cl is of partiular interest sine all the exited levels populated
by the beta deay of the parent nuleus
31
Ar are unbound and proton emission is the most important
deay hannel[7℄. From the analysis of the experimental data[8℄ we are able to identify several energy
levels and spins of the states of
31
Cl fed by the beta deay of
31
Ar.
This paper is organized as follows. In setion 2 we present a simple theoretial model to desribe
the beta-delayed nuleon emission using a standard shell-model alulation as the starting point. This
model was already introdued in [9℄, and we will refer to it as the CSG model (Continuum-Shell-model-
with-Gamow-wave-funtions). In setion 3 we apply the CSG model to the exoti nuleus
31
Cl, obtaining
proton deay intensities and the energy spetrum of the beta-delayed protons. In setion 4 we analyze
the experimental data using our theoretial model, and disuss a tentative assignment of energy levels,
spins and parities, and the orresponding mehanism for proton emission. In setion 5 we summarize the
results of our alulations and the analysis of the data.
2 The CSG model
We want to alulate the deay probability of a nuleus with mass A, that is initially in a nulear
state jA; i >. This state will be typially desribed in a shell-model basis, negleting the eets of the
ontinuum. The state jA; i > then emits a nuleon (proton or neutron) with relative kineti energy
E
k
, leaving a residual nuleus with mass A   1 in a nal state jA   1; r >. The requirement of energy
onservation makes that the kineti energy of the relative motion of the nuleon and the residual nuleus
is E
k
= (E
i
+Q
N
 E
r
) where Q
N
is the Q-value for the emission of the nuleon from the ground state
of the initial nuleus to the ground state of the residual one, and E
i
; E
r
are the exitation energies of the
states jA; i > and jA  1; r >. The observed nuleon energy should be a fration of E
k
, i.e. (A  1=A)E
k
.
The deay width for nuleon emission an be obtained using the Fermi Golden Rule:
 (i; f; E
k
) = 2j < A; ij
^
H jA; f > j
2
(E
k
) (1)
where
^
H is the full Hamiltonian operator. The initial states jA; i > are the eigenstates of
^
H in a shell-
model spae, whih is onstruted from a set of normalizable single-partile wave funtions. The nal
states jA; f > have at least one of the nuleons in a ontinuum single-partile wave funtion, whih is
orthogonal to the set of normalizable single-partile wave funtions. Thus, the states jA; i > and jA; f >
are orthogonal. Besides, jA; i > is not an eigenstate of
^
H in the omplete spae of A partiles, but only
in the restrited shell-model spae.
1
The state jA; i > an be expanded in terms of states of the residual nuleus jA   1; r > oupled
to single-partile wave funtions jN(B); nlj > using the spetrosopi amplitudes (SPA). Thus, we an
write:
jA; i >=
X
rnlj
SPA(i; r; nlj)jA  1; r > jN(B); nlj > (2)
where SPA(i; r; nlj) =< A; i; J
i
M
i
j
P
mM
0
< J
i
M
i
jjmJ
r
M
0
> a^
+
nljm
jA 1; r; J
r
M
0
>. Here jN(B); nlj >
belongs to an abstrat single-partile basis, as it is used in shell-model alulations. We write N(B) to
indiate that the nuleon is desribed by a bound wave funtion. The produt  indiates that the
angular momenta of J
r
and j are oupled to J
i
. Also, the produt of the parities 
r
and ( 1)
l
have to
be 
i
, and the resulting wave funtion fully antisymmetrized.
As we want to desribe the emission of one nuleon, we are only interested in nal states jA; f > in
whih only one partile is promoted to an unbound single-partile state. These eigenstates of
^
H an be
written in terms of the shell-model eigenstates of the A-1 system and the extra partile as:
jA; f >= jA  1; r > jN(U); E
k
lj > (3)
Here jN(U); E
k
lj > is a positive energy state lying in the ontinuum, haraterized by the values of l, j
and the energy E
k
. We use N(U) to indiate that the nuleon is desribed by an unbound wave funtion.
This nal state is a sattering state that, asymptotially, orresponds to a nulear state r of the residual
nuleus oupled to an outgoing nuleon. The angular momenta and parities of the states of the residual
nuleus and the outgoing nuleon ouple to give a total angular momentum and parity of jA; f >, that
have to oinide with that of jA; i >.
In our formalism, the matrix elements of the operator
^
H that generates the deay will be approximated
by those of a suitable single-partile operator
^
H
sp
, so that < A; ij
^
H jA; f >< A; ij
^
H
sp
jA; f >. Then, we
an write:
< A; ij
^
H jA; f >= SPA(i; r; nlj) < N(B); nljj
^
H
sp
jN(U); E
k
lj > (4)
Note that the normalizable single-partile wave funtion jN(B); nlj > is not an eigenstate of
^
H
sp
, beause
if it was so, the matrix element would anel. In writing this expression we onsider only the ontribution
to the deay from a given n-value for eah l; j. The expliit evaluation of this matrix element would require
the knowledge of the ontinuum wave funtion jN(U); E
k
lj >, the bound wave funtion jN(B); nlj >
as well as of the single-partile Hamiltonian
^
H
sp
. However, we an avoid the expliit alulation by the
following argument: As we want to desribe the emission of a nuleon with relative energy E
k
, we adjust
the depth of the single-partile potential for eah single-partile wave funtion by requiring it to have a
Gamow state [10℄ at a omplex energy E(nlj) + i(nlj) so that E(nlj) = E
k
. In this way we obtain
a single-partile width for nuleon emission whih will depend expliitly on the value of E
k
, whih we
denote by (nlj;E
k
). This width is related to the matrix elements of the single-partile Hamiltonian and
to the density of states by:
(nlj;E
k
) = 2j < N(B); nljj
^
H
sp
jN(U); E
k
lj > j
2
(E
k
) (5)
Therefore, the width for nuleon emission from the state jA; i >, leading to a nal state jA   1; r >
oupled to an outgoing nuleon with relative energy E
k
and angular momenta l; j an be written as:
 (i; r; lj;E
k
) = jSPA(i; r; nlj)j
2
(nlj;E
k
) (6)
This expression is valid assuming that we know not only the residual state jA 1; r > but also the angular
momentum l; j of the outgoing nuleon. The experimental situation is usually that one does not know
l; j. Then, we have
 
P
(i; r;E
k
) =
X
lj
 (i; r; lj;E
k
) =
X
lj
jSPA(i; r; nlj)j
2
(nlj;E
k
) (7)
whih gives the partial width for the deay of the emitter state jA; r > to a nal state onsisting of a
residual nuleus jA   1; r > and a nuleon with relative kineti energy E
k
. From this expression, and
2
assuming that the deay of the state jA; i > ours mainly through partile emission, one an alulate
the natural width of the state:
 
T
(i) =
X
 
P
(i; r;E
k
) =
X
rlj
jSPA(i; r; nlj)j
2
(nlj;E
k
) (8)
Also, one an alulate the branhing ratios
b
p
(i; r) =  
P
(i; r;E
k
)= 
T
(i) (9)
In the ase of beta-delayed partile emission, the nuleon ativity arising from the beta deay of the
parent nuleus to a state i of the emitter, leaving the residual nuleus in a nal state r an be obtained
as
I
p
(i; r) = I

(i)b
p
(i; f) (10)
where I

(i) is the orresponding beta-deay intensity from the parent nuleus to the state i of the emitter.
It should be notied that any CSG alulation requires two basi ingredients:
 The spetrosopi amplitudes. These an be taken from suitable shell-model alulations. Although
the alulated values of the SPA's might not be reliable for highly exited states, usually one will
be interested in beta-delayed partile emission, and then the relevant states would be those that
have a strong overlap with the parent nuleus. We expet that for these states the shell-model
desription should be adequate.
 The widths of the single-partile states. These will have a ertain dependene on the hoie of
the single-partile potential. However, it should be notied that the depth of the potential should
be determined by the requirement of having the resonane energy at E
k
. Thus, if one xes the
geometry of the single-partile potential to the standard values required in shell-model alulations
(for example, using Woods-Saxon forms with a=0.65 fm, r
0
=1.27 fm), the widths of the single-
partile states are uniquely determined. It should be notied that the single-partile potentials,
and also the single-partile widths, will depend on the residual state, beause the kineti energy E
k
depends on it.
3 CSG alulations for
31
Cl
The drip-line nuleus
31
Ar is the lowest member of the T = 5=2 isospin multiplet, with a half-life of 14.1(7)
ms and a large Q-value of 18.49(10) MeV[8℄. It has a ground state spin of J=5/2[11℄ and although the
parity is still unknown, we will assume in the present work to be the same as the one of its mirror nuleus
31
Al (positive). Thus, the beta deay of
31
Ar should mainly populate
31
Cl positive parity states of J=
3/2, 5/2, and 7/2. As the lowest exited levels of the residual nuleus
30
S have isospin T=1, proton
deay will our only for the T=3/2 states of
31
Cl in the absene of isospin mixing. However, it has
been reported that the isobari analog state of
31
Cl at 12322 keV does atually deay by proton emission
through small isospin impurities of its wave funtion[7, 12, 13, 14, 15, 16℄, whih otherwise would have
been forbidden by isospin onservation. A shell-model alulation inluding isospin-breaking terms has
been reently used to study this exoti deay proess[7℄. In the present work we will not onsider this
deay mehanism, whih in any ase only aounts for a small fration (4.25(30)%) of the total proton
intensity.
The shell-model alulations for
31
Ar,
31
Cl and
30
S were performed with the omputer ode ANTOINE[17℄.
We have used the Wildenthal eetive sd-shell interation USD[18℄ whih is isospin onserving. In the ase
of
31
Cl we have extended our alulations up to an exitation energy of 12.7 MeV, obtaining Gamow-Teller
matrix elements and the orresponding beta intensity for isospin T=3/2 and T=5/2. Our alulations
predit J=5/2+ for the ground state of
31
Ar, whih agrees with the experimental value of [11℄, and the one
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Figure 1: Shell-model alulations for T=3/2 levels in
31
Cl and the experimental levels of the mirror
nuleus
31
Si. Energy levels are given in MeV.
of its mirror nuleus
31
Al. We get a half-life for
31
Ar of 10.6 ms, somewhat smaller than the experimental
value of 14.1(7) ms ited above. The quotient of these values gives the well known quenhing fator of 
0.7 expeted for sd-shell nulei [19℄ and reported in previous shell-model alulations [7℄. This eet an
be attributed to three fators: the dierenes between the theoretial and the experimental values of the
Q

, the energy distribution of the B(GT) and the orresponding total strength. In any ase, we do not
inlude any quenhing fator in the present study.
In Figure 1 we show the alulated low-lying levels of T=3/2 of
31
Cl together with the experimental
ones of the mirror nuleus
31
Si. In general terms we get a reasonable agreement between the energy levels
and the spin sequene. Our shell model gives a beta feeding of 28.5% for the ground state of
31
Cl and
B(GT)=0.127. The alulation reveals that most of the beta intensity (86%) is onentrated in the
rst few levels of T=3/2. Therefore these levels will give the main struture of the beta-delayed proton
spetrum. We also nd that the B(GT) strength is partiularly strong for two highly exited states: one
at E=12.065 MeV with J=3/5+ and B(GT)=.148, and another at E= 12.536 MeV with J=5/2+ and
B(GT)=.159. These states give strong peaks in the high energy part of the theoretial energy spetrum
of the beta-delayed protons (see Figure 3). The T=5/2 levels obtained in our alulation lie above 12
MeV exitation energy and only the IAS appears with a relevant beta intensity. Our alulation gives
for the IAS an exitation energy of E=12.061 MeV, a B(GT)=.126 and a beta intensity of 4.2%. The
value of B(F)=5 an be obtained in a model-independent alulation. Thus our results are onsistent
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Figure 2: Shell-model alulations for T=1 levels in
30
S, the experimental values and the levels of the
mirror nuleus
30
Si. Energy levels are given in MeV.
within the experimental errors with the value of B(F)+B(GT)= 4.9(4) and with the beta intensity of
4.25(30)% given in [8℄. The T=5/2 levels will give no ontribution to the proton emission due to isospin
onservation. The result of our shell-model alulations for the low energy levels of
30
S is shown in Figure
2 together with the experimental values and the ones of the mirror nuleus
30
Si. We see that we reprodue
properly the sequene of spins and energies.
The Gamow eigenvalues are obtained using the omputer ode GAMOW[20℄. They are generated
from real Saxon-Woods potentials of a xed geometry (a=0.65 fm, r
0
=1.27 fm). The depth of the entral
potential V

is then varied to reprodue a single-partile state with quantum numbers 'nlj' and energy
eigenvalue 
nlj
suh that Re(
nlj
) = E
k
. For the depth of the spin-orbit potential we adopt a simple
ansatz V
sp
=-0.2 V

[3℄. As the kineti energy E
k
inreases the proton widths beome too large and
the omputation of the energy eigenvalues beomes diÆult due to the numerial preision required to
ahieve onvergene. To overome this problem we have used a parameterization based on a simple
barrier penetration model. We write the width for partile emission as:
 (E
k
) = h(E
k
)P (E
k
) (11)
where P (E
k
) is the penetrability for a given potential barrier and (E
k
) is the number of attempts per
5
unit time of the partile to penetrate trough the barrier[21℄. For a paraboli barrier we have
P (E
k
) =
1
1 + exp
E
B
 E
k
!
B
(12)
where E
B
is the barrier height and !
B
the barrier width. We an estimate (E
k
) onsidering a partile
inside an innite square well of depth V
0
and radius R
B
, the barrier radius. Then we get:
(E
k
) =
s
E
k
+ V
0
2R
2
B
(13)
where  is the redued mass of the system. Thus we are left with:
(E
k
) =
s
E
k
+ V
0
2R
2
B
h
1 + exp
E
B
 E
k
!
B
(14)
The barrier radius an be estimated from R
B
 1:2M
1=3
, where M is the mass of the daughter nuleus
30
S. The values of E
B
, V
0
and !
B
are tted to the alulated values of the single-partile widths. We use
this parameterization above 3 MeV exitation energy for 2s
1
2
orbitals and above 7 MeV for the 1d
3
2
and
1d
5
2
ones.
Beta-delayed proton transition intensities have been obtained inluding all the 151 theoretial states
of
31
Cl and the rst 7 states of
30
S. We do not expet to reprodue the exat values of the experimental
energy levels due to residual interations and the limited size of our shell-model spae. Thus, to analyze
the experimental data, we have taken the experimental values of the energy levels of
30
S, keeping the
theoretial values for the orresponding spins, parities and SPA's. Although the shift in energy would also
modify the values of the SPA's, we expet this hange to be negligible for small modiations of the energy
levels. The alulated proton widths are in most ases muh smaller than the typial energy resolution
of the experiment[8℄. Therefore we have hosen Gaussian shapes of 12 keV width, re normalizing our
theoretial spetrum to the height of the most intense experimental proton peak at 2080 keV. The results
of a preliminary alulation have already been disussed in [9℄.
The energy levels of
31
Cl are still unknown, but they an be obtained from the analysis of the energy
spetrum of the beta-delayed protons. Here we proeed to vary the alulated values of the
31
Cl energy
levels to plae the theoretial proton peaks under the experimental ones. One again, in this method one
neglets the possible eets that this level shift would produe on the values of the orresponding SPA's
and B(GT)'s. We found that small hanges in the level sheme of
31
Cl produed strong modiations in
the alulated beta-delayed proton spetrum. This eet an be understood from the strong dependene
of the beta intensity and the single-partile width on the available deay energy. For example, if one moves
up one of the energy levels, the orresponding beta feeding will derease, and the deay energy of all
the proton transitions originated in that level will inrease. Thus the overall height of the orresponding
proton peaks will derease, and the proton widths will inrease, modifying the deay branhing ratios.
4 Disussion
In the present work we have onentrated on the analysis of the most intense proton transitions obtained
in a reent experiment[8℄. A summary of the results of our analysis is given in Table 1, where the
energy levels of
31
Cl are just taken to reprodue the entroid of the most intense proton deay branh.
The nal theoretial spetrum is shown in Figure 3 and the proposed proton deay mehanism after a
tentative assignment of proton transitions is shown in Figure 4. Some of our energy levels and level deay
mehanisms will dier to some extend from those given in previous analyses[7, 8℄. This is beause in the
present work we have a CSG theoretial alulation that involves the relevant elements for the proton
deay, providing a reasonably good starting point to study the proton energy spetrum. In the previous
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Figure 3: Experimental energy spetrum of the beta-delayed protons (down)[8℄ and the nal theoretial
spetrum (up) after adjustment of level energies. The theoretial proton peaks have a Gaussian shape of
12 keV width.
studies the energy mathing between the emitted protons and the few observed gamma oinidenes were
the only available guidelines for the analysis of the experimental data.
One the experimental values of the
30
S energy levels have been inluded in our CSG alulations, the
alulated proton spetrum makes possible a straightforward identiation of the proton deay branhes
of the levels 5=2
+
1
; 3=2
+
2
; 3=2
+
3
; 7=2
+
1
; 7=2
+
3
; 5=2
+
4
; 7=2
+
4
; 3=2
+
5
and 7=2
+
7
of Table 1. In the following we
disuss some partiular ases where the initial level in
31
Cl annot be diretly identied from the energy
spetrum of the beta-delayed protons.
Our alulations show that levels 5=2
+
2
and 7=2
+
2
will deay to the ground state and rst exited
state of
30
S. These are the only theoretial levels able to produe a large proton intensity around the
experimental values of 2253(2) keV and 2327(4) keV. No gamma-proton oinidenes have been deteted
for these transitions, and therefore we annot x the nal state in
30
S. We an only onlude that the
proton deay of these levels is seen in the experiment, but with an energy unertainty as given by the
observed proton transition energy dierene (74 keV).
There are two level andidates 3=2
+
4
and 5=2
+
3
whih an reprodue the intense proton peak observed
at 1643(2) keV. We onlude that one or both of these levels are seen in the experiment, with a spin
unertainty (3/2, 5/2).
We pay partiular attention to the observed proton transition at 4030(3) keV as it was suggested to
proeed via the
30
S rst exited state in [7℄ and via the ground state in [8℄. For this transition we have
only two possible andidates: the 7=2
+
5
and the 7=2
+
6
whih deay via the 1st exited state of
30
S. This
result agrees with [7℄ and not with [8℄. As a matter of fat, in our alulations these levels an never
deay to the ground state of
30
S due to angular momentum onservation. We propose level 7=2
+
6
as
the andidate for the 4030(3) keV transition due to the large proton intensity in omparison with the
other. Moreover, with this assumption we also get the observed proton transition at 2881(3) keV with an
intensity lose to the experimental value. The proton deay mehanism of level 7=2
+
5
is onsistent with
7
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Figure 4: Proposed level sheme and deay mehanism for
31
Cl. Energy levels are given in MeV, relative
to the ground state of
31
Cl. (*)= ambiguous assignment; see text for details.
the observed proton transition of 3902(4) keV to the 2nd exited state of
30
S.
Our theoretial model predits a proton transition from the level 5=2
+
5
to the rst exited state of
30
S.
This deay mehanism is not onsistent with the one proposed in [7℄ nor with the one of [8℄. However
the alulated natural width of the orresponding energy peak is  =30.8 keV, whih is almost twie the
energy resolution of the experiment. An estimate of the expeted width for this broad proton peak an
be obtained as
 
q

2
e
+  
2
p
 36 keV
whih is onsistent with the peak width analysis given in [22℄.
5 Summary and onlusions
In this paper we present a simple model to desribe the beta-delayed nuleon emission. In our approah a
standard shell model is used to obtain the nulear struture of the parent, emitter and daughter nulei, and
the orresponding beta intensity. The single-partile widths are obtained from the Gamow eigenfuntions
of an eetive single-partile potential whih we assume to indue the transition proess.
We apply this model to study the energy spetrum of beta-delayed protons emitted in the beta deay
of
31
Ar. We have arried out a shell-model alulation using the eetive sd-shell interation proposed
by Wildenthal[18℄. In our alulations we get a desription of the ground state of
31
Ar and the nulear
struture of
31
Cl and
30
S whih is onsistent with the available experimental data. The single-partile
widths are obtained from Gamow wave funtions generated using real Saxon-Woods form fators of xed
geometry (a=0.65 fm, r
0
=1.27 fm), for whih the potential depth is varied in order to reprodue the Q
value for the proton deay.
The alulated proton transition probabilities and the orresponding proton energy spetrum desribe
the general features of the experimental results. If we vary the shell-model energy levels to reprodue the
experimental values it is possible to make a lear assignment of many of the observed proton transitions
to various levels of
31
Cl, allowing for spin and parity assignment. We also nd that the alulated
8
proton widths provide useful information to make the orret proton transition assignment when the
experimental values are available. Our alulations suggest that only a few exited levels in the emitter
nuleus are needed to desribe the main struture of the beta-delayed proton spetrum of
31
Ar. Thus we
onlude that the CSG model an be a useful tool for spetrosopi studies of exoti nulei.
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J
Cl
E
Cl
B(GT )(th) J

S
E
p
(exp) I
p
(th) I
p
(exp)  (th)
5=2
+
1
1753 0.053 0
+
1
1416(2) 27.1 34.0(3) 0.02
3=2
+
2
2443 0.243 0
+
1
2084(2) 100 100.0(6) 0.4
5=2
+
2
2618 0.004 0
+
1
2253(2) 1.6 4.0(3) 0.8
7=2
+
1
3752 0.004 2
+
1
1211(4) 1.1 1.7(5) 0.11
3=2
+
3
4045 0.028 0
+
3634(3) 4.4 6.1(8) 9.8
2
+
1
1504(2) 2.3 6.2(2) 5.1
7=2
+
2
4905 0.014 2
+
1
2327(4) 2.4 5.1(4) 1.7
5=2
+
3
5390 0.011 2
+
2
1643(2) 1.1 2.88(14) 3.4
7=2
+
3
5621 0.057 2
+
1
3020(3) 7.4 1.08(14) 3.1
3=2
+
4
5658 0.010 1
+
1
1643(2) 0.8 2.88(14) 3.8
5=2
+
4
5767 0.360 0
+
1
5276(5) 11.5 17.6(3) 7.4
2
+
1
3153(4) 12.2 0.44(10) 7.8
2
+
2
2008(2) 20.9 10.0(2) 13.4
7=2
+
4
6047 0.022 2
+
1
3432(3) 2.1 0.89(11) 9.8
5=2
+
5
6180 0.047 2
+
1
3561(11) 4.5 3.6(8) 30.8
7=2
+
5
6533 0.044 2
+
1
3902(3) 3.4 2.22(14) 11.3
3=2
+
5
6640 0.023 0
+
1
6145(7) 0.5 0.51(12) 5.4
7=2
+
6
6665 0.186 2
+
1
4030(3) 14.7 7.0(2) 4.6
2
+
2
2881(3) 0.4 0.99(13) 0.13
7=2
+
7
7050 0.050 2
+
2
3249(4) 1.9 1.17(15) 2.6
3
+
2
1300(13) 0.9 0.7(11) 1.3
Table 1: Results of the analysis of the beta-delayed proton energy spetrum. The dierent olumns
represent the spin and parity of the
31
Cl exited states, the exitation energy (keV), the Gamow-Teller
strength to that state, the spin and parity of the
30
S states to whih they deay by proton emission, the
energy of the observed proton ( keV), the proton intensity normalized to the strongest proton transition
at 2084(2) keV, alulated and experimental, and the alulated width for proton deay (keV).
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